Phage fd RF I DNA about 90$ substituted by deoxy-4-thiothymidine (s^T d ) in the codogenic strand was synthesized by the simultaneous actions of DNA polymerase I and DNA ligase. While the rate of DNA synthesis was considerably reduced, the yield was not affected in the presence of s T^TP, The conversion of RF II to RF I DNA by DNA ligase was even improved. This effect seems to be related with an altered ratio of affinity of polymerase and ligase for the s^T d~c ontaining substrate. The presence of the base analogue in the DNA was verified independently by chromatographic and spectroscopic methods. The modified genome could be cleaved by restriction endonucleases Hpa II (c/CGG) d and Taq I (T/CGA) d . A number of the fragments produced showed altered mobilities under the conditions of polyacrylamide gel electrophoresis.
INTRODUCTION
Modified nucleic acids have proved to be useful tools for many purposes in molecular biology. For example, a large number of studies on nucleic acid-nucleic acid (e.g., 2-5) and nucleic acid-protein interactions (e.g., [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] have been published which made use of modified DNAs. Moreover site-directed mutagenesis can also be performed by the incorporation of nucleotide analogues into DNA (l6) or RNA (17) .
At present a limited number of modified nucleotides is available that can be enzymatically incorporated into nucleic acids of natural sequence. One of the positions in DNA not accessible to modification so far was the 4-keto group of thymidine ( T ) , which is of particular interest as it is involved in Watson-Crick base pairing.
Enzymatic synthesis of alternating polymers containing deoxy-4-thiothymidine (s T ) were reported several years ago (18, 19) . But difficulties were met in attempts to incorporate the analogue into activated calf thymus DNA (l8,2O). Since such a DNA is no well-defined template and detailed data on the reaction were not available, we found it worthwhile to re-examine this subject.
We used E.coli DNA polymerase I, s T TP and a template of natural origin and known sequence (2l), the circular singlestranded DNA of bacteriophage fd. In the presence of DNA ligase we vere able to obtain the double-stranded closed circular RF I DNA containing the modified nucleotide in the minus-strand. The DNA or its degradation products were characterized by spectroscopic, electrophoretic and chromatographic methods.
MATERIALS AND METHODS
Enzymes. E.coli DNA polymerase I and T^ DNA ligase were isolated in this laboratory by H. Miiller and R. Frank, respectively, according to standard methods (22, 23) . E.coli DNA ligase was prepared similar to published procedures (2^, 25) . Specific activity of DNA polymerase I: 8160 units per mg. One unit catalyses the incorporation of 1O (imol of nucleotides into polyA T, in 30 min at 37 C under assay conditions (22) . One unit of DNA ligase converts 100 nmol (nucleotides) of poly(A -T ) into exonuclease III-resistant covalently closed circles in 30 min at 30 C under assay conditions (23, 26) . Restriction endonuclease Taq I from Therms aquaticus was a kind gift of Dr. H. Mayer, Stockheim. Restriction endonuclease Hpa II from Haemophilus parainfluenzae was supplied by Miles Laboratories, Elkhart, Indiana, USA. Micrococcal nuclease from Staphylococcus aureus, spleen phosphodiesterase, DNase I from bovine pancreas (grade l),and snake venom phosphodiesterase were purchased from Boehringer, Mannheim, FRG.
Substrates. Viral single-stranded DNA from bacteriophage fd and fd-specific oligonucleotide primers were prepared as previously described (lO). Kucleoside triphosphates were purchased from Boehringer, Mannheim, FRG. [ HJC TP was supplied by New England Nuclear, Boston, Mass. , USA.
[<*-P ] A TP was from The Radiochemical Centre, Amersham, UK. s T TP was synthesized similar to the procedure published by Scheit (27) . As judged from chromatographic analysis and UV absorption spectrum it was more than 95$ pure.
UNA synthesis and ligation. These procedures were performed as described (15) with the following modifications: Either C TP (l.6»10 cpm/nmol) or A.TP (9.2«lCrcpm/nmol) were radiolabeled. 60 units of UNA polymerase I and 2,5 units (in the presence of T I P ) or 0.9 units (in the presence of s T TP) of Tk or E.coli UNA ligase were used. The mixture was incubated at 20°C for k h (in the presence of T TP) or 16 h (in the presence of s T TP). After deproteinization preparative purification of RF I was performed by acid phenol extraction (28) . Chromatographic analysis of s T.MP incorporation. UNA synthesis in the presence of [a-PJA TP was performed as described above. The ethanol precipitated pellet was washed with ethanol and dissolved in 5mM Tris base. The DNA was subsequently degraded by St. aureus nuclease and spleen phosphodiesterase as described by Josse et al. (29) . The digests were chromatographed on silica gel thin layer (60 F25^ from Merck, Darmstadt, FRG) using ethanol-lM ammoniumacetate, pH 7«5 f 7 O (v/v) as solvent. The products were detected by autoradiography on Kodirex X-ray films from Kodak.
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UV-spectroscopic analysis of s T.MP incorporation. Spectroscopic measurements were performed at room temperature in a Gilford 2^00-S spectrophotometer. RF I DNA was dissolved in 100 mM Tris-HCl, pH 8.O, 10 mM MgCl 2 , 0.2 mM EDTA. Degradation to mononucleotides was performed in this solution at room temperature by subsequent incubation with DNase I from bovine pancreas and snake venome phosphodiesterase (30).
Fragmentation of s T .-substituted DNA. Hpa II: 2 (ig of RF I DNA were incubated in 60 jil of 10 mM Tris-HCl, pH 7.5; 10 mM MgCl 2 ; 5 mM KC1; 1 mM DTE; 2.5% glycerol with 5.5 units of Hpa II at 37°C for 7 h. Taq I: 2 (jg of RF I DNA were incubated as above in 10 mM Tris-HCl, pH 7.5; 10 mM MgCl ; 5 mM KC1; 10 mM ME; 5% glycerol with 15 units of Taq I.
Gel electrophoresis. The conditions for agarose (buffer A) and polyacrylamide gel electrophoresis as well as visualization and photography of DNA bands habe been described earlier (10, 15) . Buffer D for agarose gel electrophoresis contained 40 mM Tris-HOAc; 5 mM NaOAc; 2 mM EDTA; pH 7.8 (31).
Velocity sedimentation. Velocity sedimentations were performed in alkaline 5-20$ sucrose gradients. Runs were for 50 min at 50.000 rpm and 15°C in a Beckmann/Spinco SW 60 rotor. Sucrose solutions contained KOH at 0,2 M; Tris-HCl, pH 7.5, at 1O mM; NaCl at 0.5 M; EDTA at 1 mM; Sarcosyl NL 97 (Ciba-Geigy) at
RESULTS
DHA synthesis and ligation. The template-directed incorpoh ration of s T into bacteriophage fd RF DNA was examined. DNA synthesis was catalyzed by E.coli DNA polymerase I. Priming oligonucleotides originated from a DNase digest of fd RF DNA. The conditions for DNA synthesis were almost exactly those used for the 'repair' synthesis of unmodified RF molecules (15) . species was due to traces of endonuclease contaminations.
Agarose gel electrophoresis shows that only relatively small amounts of nicked circular RF II DNA (being precursors of RF I DNA) were present at any time samples were withdrawn from the reaction mixture. When normal DNA was synthesized under identical conditions considerably more RF II species were observed ( fig. 2b) . But when the rate of DNA synthesis was decreased by reducing the amount of DNA polymerase I about 3»5-fold, the conversion of RF II species into RF I molecules could be enhanced k to about the same amount as observed in the presence of s T TP ( fig. 2a ).
When RF I DNA is synthesized under the conditions described above, a Gauss distribution of molecules with different topological winding numbers is obtained which can be separated by agarose gel electrophoresis in the absence of ethidium bromide (3^»35). No significant difference in the electrophoretic pattern of normal and s T -substituted RF I DNAs was observed ( fig. 2c ).
During the isolation of RF I DNA we noticed that considerable amounts of this species were lost by conversion to RF II. Further examination of this phenomenon revealed that nicking occured almost exclusively during ethanol precipitation and/or resolution of the pellet with a vortex mixer. This seems to indicate an increased susceptibility of the modified DMA to mechanical forces.
As the T.-analogue displays an absorption maximum at 335 nm, k the s T -content of the isolated RF I DNA was examined by UV spectroscopy. The absorption spectrum clearly indicated the presence of the modified base ( fig. k) . In order to quantitate the amount of s T J P present in the DNA preparation the molecules had to be degraded monomers, as the percentage of hyperchromicity of this DNA was unknown. This was done at pH 8.O by the subsequent actions of DNAse I and snake venom phosphodi- was incubated with restriction endonucleases Hpa II and Taq I, normally recognizing the sequences (C/CGG) d and (T/CGA) d , respectively. The products were analyzed on 3.5°/' polyacrylatnide/ 7M urea gels. As shown in fig. 6a , the modified DNA was cleaved not only by Hpa II which has only C and G in its recognition site, but also by Taq I normally cutting next to T . It was observed that the rates of cleavage by Hpa II were reduced by the DNA modification. The amount of enzyme had to be enhanced about 5-fold to achieve complete cleavage within the time neccessary to fragment unmodified DNA. At different Hpa II sites the cleavages rates were different. This effect was also observed for the restriction of unmodified fd RF DNA by Hpa II (our unpublished results).
s T substitution led to significantly altered electrophoretic mobilities of certain DNA fragments in polyacrylamide gels ( fig. 6 ) We re-examined the incorporation of s T into DNA replacing a merely defined substrate like calf thymus DNA by unique template molecules of known sequence. Using the circular singlestranded genome of bacteriophage fd to direct nucleotide incorporation, full-length complementary strand synthesis could not only be checked by chain-length determination but even more exactly by the formation of covalently closed circular RF I molecules in the presence of DNA ligase. We were able to show that in the presence of s T TP DNA synthesis by E.coli DNA polymerase I was considerably retarded, but not completely inhibited. It was initiated on all template molecules and led to the formation of full-length complementary strands in virtually all cases. The newly synthesized DNA was shown to be about 90$ substituted by s T.. tretches. This indicates that s T -s T -sequences can in fact d d be synthesized by DNA polymerase I.
In our opinion two major reasons could account for the dis-crepancies between our results and the earlier reports mentioned above. First, a homopolymer pair like poly(A )«poly(T ) probably is structurally different from DNA. Hence, results obtained with this system might not be valid for DNA. Second, nuclease contamination of the DNA polymerase might be a critical point. It was found especially in restriction endonuclease reactions that the modified DNA was extremly susceptible to contaminating exonucleolytic activities. Furthermore we formerly observed that U -containing DNA was so rapidly degraded by exonuclease contaminations of DNA polymerase I preparations that we were not able to obtain RF I molecules in the presence of DNA ligase. A •s T, pair from planarity (Saenger, W. , personal communicad d t ion). Furthermore it was noticed that s T -substituted DNA fragments show altered electrophoretic mobilities. As these effects were not proportional to the s T -content of the respective fragments, they cannot be explained by an altered net charge alone, but seem to reflect sequence-specific structural changes. Similar observations were also made for other base analogues (15) . The enhanced susceptibility of the modified RF I DNA to mechanical forces might indicate an unusual conformational strain.
Another interesting difference between normal and s T-containing DNA is the magnitude of the hyperchromic effect. At 26O nm the hyperchromicity of the modified DNA totaled to about 62 c /o. For normal DNA of similar base composition values around 8O$ were observed at a similar pH (38, and our own observationsT his indicates that the incorporation of s T leads to a significant reduction of the stacking interactions of the normal nucleotides. This may be explained by a partially reduced overlap of p-orbitals of the heterocyclic bases due to the deviation h of the A «s T base pair from planarity. The hyperchromicity at 335 nm indicates that the nucleotide analogue is involved in base stacking. The value of 115$ is relatively large. It is rather small, however, compared to the respective value of observed for poly(A -s T ) (19) . Interestingly the hyperchromic effect of this alternating polymer was also larger at 260 run (80#). The rate of primer elongation by DNA polymerase I in the presence of s T TP was significantly reduced. It is not known if this effect reflects the differences between T and its analogue in the interaction between the enzyme and the N TP, the enzyme and the base pair, or/and the enzyme and the primer terminus. There is some evidence that at least the third alternative might play a role. In the presence of DNA ligase s T -containing DNA is sealed faster than normal DNA. The ligation of the normal substrate can be improved by lowering the polymerase concentration. This seems reasonable as both enzymes compete for nicks (ligation vs. nick-translation). Obviously the ratio of binding of polymerase and ligase is lowered for the modified DNA. It follows that the affinity for nicks of at least one of the two proteins is changed with the s T -substituted substrate.
Our studies on fragmentaiton of the modified RF I DNA show that not only a restriction endonuclease recognizing sequences without T.| like Hpa II, is able to specifically cleave this substrate, but that also an enzyme like Taq I, which normally cuts next to T d , generates the fragments expected. So in principle the advantages of site-specific DNA cleavage can also be applied to s T -containing DNA.
The findings th.°.t t"'>e modified DNA is fragmented considerably more slowly by Hpa II, and that individual Hpa II-sites on fd RF DMA are cleaved at different rates, confirm our earlier Observations that sequences outside the Hpa II-recognition site display a remarkable influence on the enzymatic activity (15) .
Based on the results presented here it may be expected that DNA sequences in general are accessible to modification by s T . It should also be possible to site-specifically fragment the products. They may be used in studies on DNA-DNA and DNAprotein interaction. As it was shown that the analogue can be attacked by several reagents under rather mild conditions (e.g., 39 -4l), they should also be versatile probes or precursors for further DNA modifications.
